Measurements of disease severity provide a guide for the physician to tailor therapies, for the patient and family to gauge progress, and are required for clinical trials. For many respiratory diseases, including cystic fibrosis, sensitive, noninvasive measurements are few, and some of those that are available are applicable only to certain subgroups of patients or lack sufficient sensitivity. We discuss currently available measurements in 4 groups: physiology, infection, inflammation, and radiology. For each group we highlight strengths and weaknesses, ask how we could improve upon these, and provide details of alternative methods.
Introduction
Every interaction between a person with cystic fibrosis (CF) and a health professional will involve some degree of assessment of well-being and disease status. Consensus documents provide guidance as to which tools should be employed, both routinely and for more detailed annual assessments. 1, 2 So, are the tools we have at our disposal and the methods with which we employ them up to the task? Do they provide sufficient insight into an individual's current status and allow us to gauge the direction and rate of progression of disease? Do they provide us with the optimal pieces of information that allow us to tailor therapeutic interventions, assess their success, and provide prognostic information? In this paper we argue that the answer to these questions is "no". We discuss the investigations in common use, with their limitations, some of which are specific to disease stage or age group. Finally, we discuss newer techniques, many of which are only performed in the research setting, which may offer a more sensitive and detailed insight into lower airway disease in the future.
What Should Be the Goals of Monitoring?
It is our opinion that we should perform measurements that, either alone or in combination, are: sensitive; allow detection of change both long-term and short-term; repeatable and reproducible; minimally invasive or noninvasive and well-tolerated; applicable across age groups and to patients of different illness severity; and complementary in the information they provide. Such an approach would allow individually tailored management and provide longterm prognostic information to patients and professionals.
Current Monitoring
Techniques in current clinical use and listed in management guidelines fall broadly into 4 groups: physiology, infection, inflammation, and radiology. For each of these categories we outline strengths and limitations and make some suggestions as to how we could do better in the future.
Physiology Current Clinical Practice
Patients old enough to form a seal with their lips and perform prolonged forced expiratory maneuvers routinely undergo spirometry at every clinic visit and at periods of clinical instability or exacerbation. In addition, annual plethysmographic and diffusion-capacity (gas-transfer) measurements are recommended in some guidelines.
Spirometry. Spirometry has long been the accepted standard in disease monitoring. Forced expiratory maneuvers such as forced expiratory volume in the first second (FEV 1 ) and forced vital capacity are well understood, and almost universally FEV 1 is used to define mild (Ͼ 60% or 70% of predicted), moderate, and severe (Ͻ 40% or 30%) disease. The predicted values have been generated with various models, based on healthy persons and height, sex, and age. The different reference ranges should be borne in mind when comparing or extrapolating data sets, and absolute values should therefore also be obtained and recorded.
What Are the Problems With Spirometry? Although the coefficient of variability for FEV 1 in healthy people is reported to be around 2-3%, 3 it is much higher in patients with CF 4 and for flows at lower lung volumes (eg, the forced expiratory flow during the middle half of the forced expiratory maneuver [FEF 25%-75% ]), which may reflect small airways, which is the site of interest. The measurements are highly technique-dependent and effort-dependent. Some patients find such maneuvers difficult, and they are not routinely performed in young children Յ 5 years old. The measurements also lack sensitivity, particularly in mild, early stages of disease or when looking for small changes in response to an intervention, and there is currently a very slow rate of decline (1-2% per year) in the CF population treated in modern centers. 5 This means that, though patients who are deteriorating rapidly or over a short time period can be easily identified, observing any improvement on this rate of decline in an individual patient will be almost impossible. Finally, although FEV 1 has historically been used in defining severity, there is some evidence to suggest it is not a very useful tool on which to base prognosis; FEV 1 is no longer included in the lung allocation score 6 as part of transplant-waiting-list assessment in the United States.
Plethysmography. Lung volumes and diffusion capacity are listed in some of the current consensus documents for annual assessment, and are performed in the majority of large centers, at least in Europe.
What Are the Problems With Plethysmography? These techniques are expensive, technically challenging, and timeconsuming for staff and patient. Similarly to spirometry, they require cooperation and are, in general, not suitable for very young patients. In addition, they are probably less well understood by the clinical team, and in our experience the results may not in fact be paid a great deal of attention. Finally, recent data suggest that lung-volume values add very little to spirometry for the majority of patients. 7 So we appear to be using expensive resources, in terms of both equipment and skilled manpower, and asking patients to spend substantial time, for a relatively small gain.
How Could We Do Better?
Several new approaches show substantial promise and may be clinically useful in the near future.
Lung-Clearance Index. The lung-clearance index uses multiple-breath wash-out of a nonabsorbable gas (originally nitrogen, but, more commonly now, sulfur hexafluoride) to measure ventilation inhomogeneity caused by airway narrowing from inflammation or partial mucus obstruction. The subject inhales a low concentration of sulfur hexafluoride, via either mask or mouthpiece, until the concentration in the lung is in equilibrium with the concentration administered (wash-in phase). The supply is then switched off and, during continued tidal breathing, wash-out is monitored. Gas analyzers include conventional mass spectrometer and, more recently, photoacoustic and ultrasonic-based technologies. Wash-out is defined, for practical purposes, as the point when the sulfur hexafluoride reaches 1/40th of its original concentration. Patients with more severe disease take longer to wash out, because gas is trapped in narrowed airways; therefore, they have a higher lung-clearance index.
One advantage of the lung-clearance index is that it has a relatively narrow range of normal values that changes very little with age, which obviates the requirement for age/size-adjusted normal values (Fig. 1) . 8 The technique is also: harmless; easy to perform (requires only tidal breathing, and no additional coordination, cooperation, or forced maneuvers); can be performed at all ages, including infancy and pre-school ages [8] [9] [10] ; repeatable, reproducible, 11 and more sensitive at the early stages of disease than is spirometry (Fig. 2) . 12 Finally, it is at least as sensitive as forced expiratory maneuvers in infants 10 and correlates better with structural changes on high-resolution computed tomography (CT) than does FEV 1 (Table 1) . 13 An important disadvantage of the lung-clearance index is that completely obstructed lung regions do not contribute to the overall measurement because the inhaled gas does not reach those regions. So in patients who have totally obstructed lung regions, the lung-clearance index could underestimate disease severity. Also, the technique may be more burdensome for the most severely affected patients, who require much longer wash-in and wash-out times. Some of the more portable technologies, such as the Innocor, which relies on photoacoustic analysis of exhaled gas, may currently be less applicable with small children (who have faster respiratory rates), because of the somewhat slower response time than a mass spectrometer. However, mass spectrometers are expensive to set up and may be challenging to maintain.
Lung Function Tests Applicable to Infants and PreSchool Children. The last decade has seen a massive increase in the number of studies that reported lung function in infants and young children, many of which have focused on CF. Consensus guidelines have been published. 14 It is clear from the studies that: sensitive mea- surements can detect abnormalities in pre-symptomatic babies with CF 10,15 ; these changes occur early, although there may be a window of preserved lung function during the first few months of life in babies diagnosed via newborn screening 16 ; once physiologic changes are present, these may persist despite the initiation of standard management, so children with CF fail to catch up to their healthy peers ( Fig. 3 ) 15, 17 ; and it has been difficult to explain these findings on the basis of infection and/or inflammation, from the limited number of studies that have included bronchoalveolar lavage (BAL) fluid. 16 Further research is needed. Unfortunately, there are few specialized infant and preschool child lung-function-testing laboratories. Most such work is done in the research setting. We hope that in the future some of these measurements will be routinely performed in the clinic on young children with CF, or that easier measurement methods will be established, which would allow less specialized laboratories to participate.
Infection
Infection of the lower respiratory tract occurs early in CF, with what we had believed, until recently, to be a relatively well defined group of bacteria. 18 In addition, viral infections are thought to play an important role, for example, in infective exacerbations, although this role has been less well studied and is not completely clear. Fungi, in particular Aspergillus fumigatus, cause problems with allergic sensitization, and there is also a substantial disease burden from nontuberculous mycobacteria, most notably, Mycobacterium abscessus.
Current Clinical Practice
The importance of bacterial infection has long been recognized, and modern treatment is based on attempts to identify organisms early, eradicate them if possible, and suppress their numbers in the chronically infected state. To this end, guidelines recommend: culture and sensitivity at every out-patient consultation and at the start and during admissions for intravenous antibiotic treatment; that nonexpectorating patients (the majority of children) undergo oropharyngeal, cough swab, or cough plate cultures; and that CF subjects with their first isolation of Pseudomonas aeruginosa should undergo eradication therapy, 19 which is usually a combination of nebulized and systemic (oral or intravenous) antibiotics. Cross-infection between patients should be limited by strict infection-control protocols that prevent patient contact and emphasize the importance of simple measures such as staff handwashing. 20 Patients with particularly worrisome bacteria such as organisms of the Burkholderia cepacia complex, should attend separate clinics.
What Are the Problems?
It is our opinion that there are many opportunities for improvement regarding both the ways we obtain samples and the detection/sensitivity of the methods in conventional laboratories. It is clear from the literature that the methods of sampling from nonexpectorating patients lack sensitivity and specificity. 21, 22 Some patients have repeatedly negative cultures despite substantial disease; it is unknown whether this truly reflects a sterile lower airway, 
How Could We Do Better?
This topic is covered in greater detail in another paper from this Journal Conference. 18 There are several opportunities for improvement, some of which could be made available now, whereas others require further research, development, and validation.
1. We need a clearer picture of which bacteria, viruses, and fungi are infecting an individual's airway at any one time, and data to help us understand which of these are most likely to be detrimental to respiratory health. More sensitive measurements of microbial response to treatment would also be of benefit. Ways to achieve these aims might include: a. Molecular tools to identify the pathogens probably present in most patients' airways, without the limitations of conventional culture 24 b. Longitudinal studies with those molecular tools to distinguish between detrimental and nonharmful (or even beneficial?) organisms c. Qualitative bacterial assays (such as measurement of virulence factors) and an understanding of how (if at all) these impact clinical status, which would allow us to move beyond relying solely on quantitative data d. Noninvasive techniques to identify and quantify surrogate markers of infection, 25, 26 such as volatile bacterial products in breath or condensate ("electronic nose" technology) 2. We need better, more relevant systems for determining microbial sensitivity and resistance patterns. The existing systems for growing bacteria in biofilms in the laboratory are complex and cumbersome, but might provide more useful information on which to base treatment decisions. 27, 28 
Inflammation
Severe neutrophil-mediated inflammation is characteristic of CF (Fig. 4) . It occurs early in life, is exaggerated compared to non-CF subjects, and is prolonged. It is also incompletely effective and commonly fails to eradicate the microbes to which it is directed. Some data suggest that the CF airway may be inherently pro-inflammatory, although the CF world is divided on this issue.
Current Clinical Practice
Broadly speaking, although measurements of inflammation are often performed in clinical trials, they do not play a part in routine clinical monitoring.
What Are the Problems?
We accept inflammation as key in the irreversible airway damage in CF. Indeed, much research attention focuses on therapeutic anti-inflammatory strategies. However, we have no tools with which we routinely assess inflammation in clinical practice. If we consider inflammation to be so important, shouldn't we be developing these tools?
How Could We Do Better?
For the majority of chronic lung diseases, measurements of airway inflammation have been extensively reported in the literature, but with the exception perhaps of exhaled nitric oxide (NO) in asthma, the majority of these have been in the research setting. Techniques include: direct sputum analysis (sometimes after induction with hypertonic saline); BAL; exhaled breath; exhaled-breath condensate; and airway mucosal blood flow measurements. Indirect evidence of airway inflammation may also come from measurements in blood or urine.
Sputum. CF sputum contains high levels of inflammatory cells, pro-inflammatory cytokines, and proteolytic enzymes; certain of these appear to correlate with other measurements of pulmonary severity, such as spirometry, although whether they cause the pulmonary damage is less clear. There is also a well-described relative deficiency of anti-inflammatory cytokines (eg, interleukin 10) and antiproteases. Cytokines can be measured reproducibly, even in sputum from young children, 29 and several of these are reduced by treatment with conventional intravenous antibiotics 30, 31 and other therapies. A study that found changes in sputum cytokines after nebulized heparin found no corresponding changes in spirometry, 32 which may suggest either that these measurements are more sensitive to detect change than conventional lung function, or may simply reflect the fact that changes in lung function may only occur later. Encouragingly, results suggest that spontaneously expectorated sputum and samples obtained via induction methods based on nebulization of hypertonic saline are not significantly different with respect to inflammatory markers. This technique has been confirmed as safe in children with CF, which is the group in which it is most likely to be required. 33 One limitation of the interpretation of these data is the varied and often unvalidated methods that have been used in the processing stage. For example, mucolytics such as dithiothreitol are often used. Dithiothreitol, by cleaving disulphide bonds, affects the levels of many proteins and may adversely affect reagents in the assay system. 34 A second concern relates to the lack of standardization of the nature and concentration of protease inhibitors used. Both of these issues may be specific to the type of assay used and the substance measured. There is an urgent need to address these methodological issues, specifically for CF sputum, before this test can be routinely used in the clinical context. Bronchoalveolar Lavage. BAL is often considered the accepted standard technique for airway sampling. Similar patterns of inflammation have been described as in sputum, although there is a paucity of data to compare in- flammation in those 2 types of sample. However, BAL, whether bronchoscopic or nonbronchoscopic, is highly invasive and not easily repeated in a short time period. Adverse effects such as fever have been reported, although this is rarely important in our experience. Extensive safety data in young children were recently reported by the Australasian study that addressed the utility of regular versus symptomatic BAL, further results of which are eagerly awaited. 35 Further limitations include the large and unknown dilution factor (markers for dilution are of limited use, and recent guidelines suggest they are not helpful 36 ) and the fact that the technique samples only a small part of the airway, which may be problematic in a disease known to be inhomogeneous.
Exhaled Breath. Both exhaled breath and breath condensate are easy and noninvasive to obtain, and can be used reproducibly, even in young children, as long as attention is paid to methodological detail. Much interest has focused on the observation that the level of exhaled NO is reduced in CF. Given the anti-inflammatory and anti-infective properties of NO, some think it may play an important primary role in CF pathophysiology-a hypothesis supported by the low level of NO synthase messenger ribonucleic acid in relatively undamaged airways. 37 An alternative view is that NO production is itself adversely affected by inflammation and that the low NO level is secondary to CF lung disease. The NO level is extremely low in primary ciliary dyskinesia, a disease with a generally much better outlook than CF. A recent clinical trial of orally administered L-arginine (an NO donor) with CF subjects used exhaled NO as an outcome and reported a sustained increase in NO production, although this was not mirrored by any significant effect on lung function. 38 However, no studies have addressed longitudinal change or correlations with other clinical variables, which would support this measure as a useful monitoring tool in the clinic.
Exhaled-Breath Condensate. Condensate can be collected simply by asking a subject, even a quite small child, to exhale into a cold tube during tidal breathing. The condensate contains a small (but variable and undetermined) volume of airway-lining fluid, the pH of which is abnormally low in CF (Fig. 5) 39 and other inflammatory airway diseases. 40 Thus, the condensate provides an "inflammamometer" to assess interventions. However, this technique appears to lack sufficient sensitivity for use with an individual patient. Attempts to measure other substances from patients with CF have met with variable success, which might be partly related to methodological issues. [41] [42] [43] Airway Mucosal Blood Flow. A universal downstream effect of inflammation at any site in the body is an increase in blood flow. Measurements to detect this, based on the rate of disappearance of an inhaled, absorbable gas from the airway, have shown some promise in asthma, 44 in which studies have found a raised level, which is reduced by anti-inflammatory agents. There are, as yet, no published data available from patients with CF, and current techniques require multiple, accurately-timed breath-hold maneuvers, which would probably restrict the technique to older children and adults. However, this type of technique, unlike measurements of specific inflammatory markers, is not dependent on a complete understanding of the complex inflammatory milieu within the airway, and may therefore be more applicable as a generalized marker of inflammation.
Blood. Blood and serum markers, including inflammatory (total white blood cells and differential) cell counts and acute-phase reactants such as C-reactive protein and immunoglobulin G, are recommended in many current clinical guidelines. Together with circulating cytokine levels, they have been used both as efficacy and safety outcome measurements in CF clinical trials. In many studies in both those contexts they have proved useful. However, although there are not the same methodological issues as exist with the airway-sampling techniques described above, blood/serum would probably be considered by most to be an adjunct to, rather than a substitute for, such direct measurements. No studies have found a tight correlation between such measurements and direct airway inflammation. . Exhaled-breath condensate from patients with cystic fibrosis (CF) is significantly more acidic than that from healthy controls. Patients with and without CF pulmonary exacerbation also had significant pH differences. This is unlikely to be directly related to the cystic fibrosis transmembrane regulator defect, as it has also been shown to occur in other inflammatory airway diseases, such as asthma. (From Reference 39, with permission.)
Urine. Several groups have reported increased tissuedegradation products, such as desmosine and isodesmosine, in the urine of patients with chronic lung diseases, including CF, 45 but the levels fluctuate rapidly, which might limit the applicability of these measurements in the clinical (or trial) context.
Radiology

Current Clinical Practice
Consensus guidelines recommend plain chest radiographs as part of the annual detailed assessment and at other periods of clinical concern.
What Are the Problems?
Plain chest radiographs lack sensitivity, particularly in the early stages of disease. The scoring systems in clinical use also differ markedly, and although some researchers have reported confidence in the utility of these, others view them as highly subjective and lacking in consistency. However, they carry a low radiation burden and are relatively cheap.
How Could We Do Better?
Computed Tomography. A very small number of centers around the world advocate regular (every 1-2 years) CT, on the basis that CT is more sensitive than radiograph, and this was the topic of recent good reviews. 46, 47 The changes at various disease stages include air-trapping and bronchial wall thickening (Fig. 6) , which appear to be at least partially reversible, which renders them useful markers of clinical progression and response to therapy. Several scoring systems, of various complexities, have been devised, and some authors strongly favor composite scores with, for example, spirometric indices. 48 The routine use of CT in clinical practice is not proposed in the majority of consensus guidelines and has not been widely accepted by the CF community, in particular by pediatricians, probably because the risk from radiation is thought to outweigh the benefits of the knowledge gained from the CT. However, the radiation is substantially less with some of the more modern CT scanners 49 and could be further reduced with a CT protocol that takes fewer CT slices. The requirement that the patient lie still and (as advocated by some) perform respiratory maneuvers 50 may limit the use of CT in some age groups.
Magnetic Resonance Imaging. Magnetic resonance imaging was, until recently, widely regarded as lacking sufficient resolution for lung imaging, but in a small clinical trial the addition of hyperpolarized helium 3 improved the sensitivity so that significant differences were visible after bronchodilator treatment. 51 If further progress is made, this is potentially an attractive, radiation-free technique.
Positron Emission Tomography.
This technique is relatively new in the context of lung disease. Labeled glucose uptake indicates areas of inflammation. A recent study found greater uptake in patients with CF than in healthy controls, and the difference was particularly marked in subjects with more impaired spirometry, and correlated with BAL neutrophilia. 52 Research is ongoing on positron emission tomography in lung disease.
Summary
Patients with CF in developed countries are surviving longer than ever before. In the United Kingdom, adults with CF now outnumber children with CF, and almost 50% of United States patients with CF are over 18 years old. Milder disease and a slower rate of decline make monitoring more difficult, whereas the increasing number of interventions available, and the fact that response to treatment is often unpredictable, make the requirement for good monitoring interventions even more pressing. This is particularly problematic in certain patient groups, such as infants and young children. There are several opportunities for improved monitoring with currently available techniques, and many new techniques are under investigation, fuelled largely by the requirement of more sensitive measurements for clinical trials. As an example, the United Kingdom CF Gene Therapy Consortium 53 is assessing newer techniques in both interventional and longitudinal clinical studies, to help determine which outcome measurements to use in our forthcoming multi-dose gene-therapy trial. We hope that certain of these techniques, and perhaps others as yet undeveloped, will show sufficient promise for routine clinical use and give us more insight into our patients' respiratory health.
ideal comparative group to the kind of intervention we're ultimately looking at, because if we do interventional trials we usually do the interventions in stable patients.
Davies: I completely agree; that's a good point. A lot of the data are skewed by picking a population that will regress to the mean anyway. One thing we're doing is a run in a study in which 200 patients are being seen approximately every 4 months, but only at times of complete stability. We're making a basket of measurements, including lung-clearance index, at those time points, and we're going to look at the coefficient of variability, the reproducibility, et cetera, to see whether this would only be useful in the patients who start out abnormal or whether mild degrees of abnormality are detectable.
It's important, what you said about young children; the Innocor does have a slower detection time than the massspectrometry techniques, so with a child with a rapid respiratory rate these may not be completely applicable. We've been testing younger children with both the Innocor and the mass spectrometer and should have some comparison data soon.
Ratjen: Oh good. If you do that, then we don't have to.
Davies:
Well, you could do it too, and then we could make sure we're all getting the same thing.
Rubin: Jane, that was great. I have 2 queries. The first easy one is about research, and the second (harder) one is practical. Have you any information on the use of hyperpolarized gas imaging to get a better idea of small airways disease in CF? And for the practical one, respiratory therapists at bedside are often asked to evaluate whether a treatment that they're providing to somebody with CF, acutely or chronically, is being beneficial or being harmful. They're the ones at the bedside; they're the ones who get to observe that patient. How would you recommend that they determine if what they're doing is helping the patient?
Davies: I have very limited knowledge about hyperpolarized helium and magnetic resonance imaging. Groups in the United States 1 and the United Kingdom 2 are working on this, and we spoke to one of the United Kingdom groups about whether it should become part of the armamentarium, but we haven't taken it forward because we haven't yet been convinced of the degree of sensitivity it would give us on top of the noninvasive measurements we're already making. It's a developing field, and worth keeping an eye on, but they haven't yet convinced me that it's worth overcoming the technical issues.
With regard to patient assessment and whether a treatment is doing harm or good, that's a very difficult question. At our multidisciplinary meetings we quite often have such issues. For example, a physiotherapist (we call them physiotherapists, and their job description is not quite the same as that of respiratory therapists) might say, "So-and-so really loves being on hypertonic saline, but we think it's not doing anything. They're already nonadherent to the rest of their medication. What should we do?" That's a difficult situation.
It's similar to a study Andy Bush and I did many years ago, 3 in which we asked people how they felt after taking DNAse for several months. And nearly everyone felt better, even patients who'd had a 15% drop in FEV 1 , so I think there's a mismatch between the sorts of things we're measuring and the patient-reported outcomes, which I deliberately didn't stray into, because it's a whole new minefield.
But, in general, I do think that the person by the bedside is the best to judge that acute response. And in general those clinicians will say, for instance, "This patient is feeling better; they are expectorating sputum better with hypertonic saline than with DNAse." And we don't know whether that translates into medium or even long-term benefit. I don't have the answer to that question, and I would love to know if anyone else has. [ Marshall: You mentioned that lungclearance index tops your list of possible outcome measurements you're considering at the gene-therapy consortium. What other measurements are you considering?
Davies: I don't want to imply that the consortium has chosen the lungclearance index as the primary end point. We haven't looked at any of the data from the run-in, but I think it's among the top contenders. Other measurements we're looking at include: mucociliary clearance, for which patients from our center have to travel to Southampton, which is a couple of hours away, and which requires a long 24-hour scan that's quite complicated; computed tomography; various sputum assays; exhaled breath assays; serum assays; normal spirometry; and quality-of-life questionnaires. That's everything you'd probably expect.
